Rural Highway Design Consistency Evaluation Model  by Russo, Francesca et al.
 Procedia - Social and Behavioral Sciences  53 ( 2012 )  953 – 961 
1877-0428 © 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of SIIV2012 Scientifi c Committee
doi: 10.1016/j.sbspro.2012.09.944 
 
SIIV - 5th International Congress - Sustainability of Road Infrastructures 
Rural highway design consistency evaluation model 
Francesca Russoa*, Raffaele Maurob, Gianluca Dell’Acquaa 
aUniversity of Naples Federico II, Via Claudio 21; 80125 Napoli, Italy 
bUniversity of Trento, Via Mesiano 77; 38123 Trento, Italy 
Abstract 
Design consistency assessment is a tool employed by designers to improve road safety. This study illustrates an investigation 
on two-lane rural roads in the Southern Italy without spiral horizontal transition curves to check a prediction consistency 
model. Two consistency measures were compared with the results in the scientific literature: the first was the area bounded by 
the speed profile and the average weighted speed; the second was the standard deviation of operating speeds for each 
segment. Combining these two measures by sensitivity analysis, a consistency model was developed by using results of a 
2011 research project performing V85 prediction models. 
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1. Introduction 
Design consistency refers to the condition where in the roadway alignment does not violate driver 
expectations. Operating speed profiles are used to assess the design consistency by identifying locations with a 
great speed variability between following road elements: there is a direct correlation between speed variability on 
following design elements and crash rate. Several studies in the scientific literature estimated the consistency of 
an horizontal alignment; for example, some researchers compared the expected 85th percentile speeds on 
horizontal curves with the expected value on the approach tangent. 
Hirshe [1] hypothesized that the use of 85th percentile speed for evaluating design consistency tended to 
underestimate speed reduction experienced by individual drivers [2, 3]. The practice of the 85th percentile statistic 
is not in question but choosing the 85th percentile speed reduction instead of the 85th percentile speed reduction 
experienced by the driver population on an approach tangent–horizontal curve combination may provide added 
detail about the consistency of the design. 
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Italian Standard requires the design speed-profile’s use to check the horizontal alignment consistency so to 
assess speed differences between following elements and to compare these values with acceptable standard 
thresholds. This assessment is applicable only to those roads constructed according to the rules in force. 
Polus and Mattar-Habib [4] performed two consistency measures for rural highways using predicted operating 
speeds. Data were obtained in Northern Israel on nine two-lane rural highway segments (lengths from 3 to 10 km 
each). Main advantage of the consistency model is that it considers the consistency of the overall segment, not 
just individual speed differentials between two successive elements. An exponential consistency model is 
proposed in order to obtain a consistency value based on the relative area measure and the standard deviation of 
speeds; the study also showed how with high consistency values the accident rate is very low. 
The aim of the paper presented here is the revision of a road consistency prediction model shown in the 
scientific literature using predicted operating speeds; the regression equations performed by following a 
sensitivity analysis allows to state consistency thresholds for the investigated highways’ entire length. 
2. Literature Review 
The design consistency evaluation is one of several promising tools that can be employed by roadway 
designers to improve roadway safety performance: design inconsistency in a roadway segment can surprise 
drivers by violating their expectancies and increasing the chance of delayed response times, speed errors, and 
unsafe driving manoeuvres that may lead to higher collision risk. Many researchers have verified that one of the 
parameters that most influence the safe driving is the speed variable. In the scientific literature some research 
works have dealt with speed prediction models to analyse real driver behaviour. 
Operating speed as well as illustrated in many research works is the parameter most representative of the real 
driving performance and it is defined as the speed at which drivers travel on a dry road in free flow conditions 
during daylight hours and it is calculated using a specific percentile of speed distribution, typically the 85th. Many 
mathematical models were developed to estimate vehicular speed on curves and tangents as a function of some 
geometric road characteristics and no-geometric features, and several analyses of driver speed behaviour when 
the driver is entering and departing circular elements have been conducted to measure deceleration and 
acceleration rates.  
The models will be useful for detecting design errors. They are helpful for feasibility studies and for analysis 
of design alternatives. They can be used to analyze an existing road, detect failures, and study improvement 
alternatives. Speeds adopted by drivers often respond not to engineer’s design speed but to geometric 
characteristics of the road [5]. On a road element, drivers consider two efficiency measures: speed and comfort. 
They frequently prefer to feel a certain degree of discomfort in exchange for obtaining greater speeds. For some 
geometric conditions, drivers adopt a speed that sacrifices not only comfort but also safety. The highway 
engineer plays an important role in traffic safety. If the operating speed differs from that expected by the 
engineer, the following can happen: drivers do not travel safely and comfortably or are not satisfied, and the 
operational costs and travel time are different from those estimated. The design speed concept, as used today, 
gives rise to geometric designs at times unsafe for speeds used by drivers. For this reason, the actual behavior of 
drivers on the road should be used to design geometric elements.  
Polus et al. [6] developed, for example, a model to predict operating speeds on tangent segments. The sites 
were divided into four groups based on the 28 tangent length and the preceding and following radius of the 
horizontal curves. The model has introduced one independent variable that is the average radius of horizontal 
curves preceding and following the tangent. The regression equation was suggested for segments having curve 
radius smaller than 820 ft (270.6 m) and tangent length of less than 500 ft (165 m). 
Later, Fitzpatrick et al. [7] collected speed and geometric data in 78 sites and speed models for five different 
highway classes were developed. Except for the posted speed limit and the access density, no other roadway 
characteristic had a relationship with the operating speeds. 
Several experimental analyses also exist in the literature relating to driver behavior on the circular curves [8, 
2] on entering and departing circular curve and to transition zones identification [9]. Most of these models 
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describe only the relationships between curve radius and speed; few models also include the secondary influence 
of other factors that may also have an influence on driver speed choice [10]. 
A complete speed – profile was studied for example by Figueroa and Tarko [11]. Using an iterative process 
they performed operating speed prediction models for tangent and circular curves and they obtained a 
deceleration and acceleration transition zones. 
Since 2003 the Department of Transportation Engineering at the University of Naples and the Department of 
Mechanical and Structural Engineering at the University of Trento carry out an extensive research program based 
on the driver speed behaviour on two-lane rural roads. The research started on the road network in the Southern 
Italy [12] and then continued on roads located in Northern Italy [13]. Operating speed prediction models were 
calibrated and validated for tangents and circular curves to improve the procedure to trace operating speed 
profiles for two travel directions. Different variable types were used to properly analyse driver speed behaviour: 
a) functional factors - that are pavement distress indicator, intersection indicator, and number of residential 
driveways per km; b) geometric factors - that are length of the single element, radius of the circular curve, CCRS, 
CCR and width of the travel lane plus shoulders; c) speed factor that are speed on the preceding element. In the 
second case ten V85 predictive models were performed and in particular one single regression equation available 
both on tangent segments and circular elements was composed. 
The aim of the research study presented here is a review and specification of a predictive road consistency 
model available in the scientific literature by using operating speed prediction models on the horizontal curves 
and tangents made known in a previous work. This analysis is only one component of a larger study under way 
for several years now on a number of rural roads with a view to improving performance and safety [14]. 
Criteria established by Lamm and Choueiri [15] and Leisch and Leisch [16] to evaluate the consistency of a 
design are based on the magnitude of reduction in speed between successive design elements (e.g., approach 
tangent–horizontal curve combination). Lamm and Choueiri [15] selected a design as “good” if the magnitude of 
the difference in 85th percentile speeds from an approach tangent to curve is less than 10 km/h; a design is “fair” 
if the magnitude of the difference in 85th percentile speeds is between 10 km/h and 20 km/h; and a design is 
“poor” if the magnitude of the difference in 85th percentile speeds is greater than 20 km/h. 
Speed reduction in terms of ΔV85, calculated by simple subtraction of 85th percentile speeds on the tangent and 
curve, that is widely used in design consistency evaluation, has been criticized by many researchers. Accordingly, 
new parameters were introduced by many researchers. Misaghi and Hassan [2], for example, introduced new 
factors based on the speed reductions of individual drivers such as 85MSR (85th percentile of the maximum speed 
reduction for individual drivers based on data from nine points on the curve and approach tangent) and Δ85V 
(85th percentile speed reduction for individual drivers based on data from two points on the approach tangent and 
at the middle of curve).  
Polus and Mattar-Habib [4] developed a new consistency model for two-lane rural highways and a 
methodology for evaluating an initial and final consistency value for any such highway. The starting point of the 
analysis was the prediction of speeds on curves, particularly on tangents, depending on the geometric 
characteristics of each curve and tangent. Two independent measures were proposed to evaluate consistency: the 
relative area bounded by the speed profile and the average weighted speed lines, denoted by Ra, and the standard 
deviation of speeds along a highway segment, denoted by σ. These measures provide a good initial estimate of 
consistency; accordingly, threshold values were proposed for an initial evaluation of consistency based on these 
two measures. One of these benefits was safety. Crash rates were shown to be inversely and significantly related 
to consistency: this finding itself justifies, according to the authors, the use of a consistency model both during 
the geometric design process and during the evaluation process for two-lane rural highways.  
3. Operating Speed Models on Tangents and Circular Curves 
Speed data collection was carried in 2009 in connection with particular environmental and traffic conditions: 
dry roads, free flow conditions, and daylight hours. A total length of 41.33 km of two-lane rural roads in low-
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volume conditions were examined located in the Southern Italy. Table 1 shows synthetic features of the analyzed 
highways. 
Table 1 Overview of the features on the analyzed highways 
ID Highway CCRm [gon/km] Length [km] 
Width 
(lanes plus 
shoulders) [m] 
Curve radius 
[m] Curve length [m] Tangent length [m] 
Min Max Min Max Min Max Min Max 
1 S.P. 30b 9.601 6.189 4.80 9.30 200 8000 47.93 426.41 65.37 2491 
2 S.P. 52 159.277 3.459 5.80 8.50 25 2000 22 113 221 704 
3 S.P. 262 9.916 7.083 5.64 8.31 100 260 74 124 169.91 4697 
4 S.P. 312 47.126 8.281 5.00 12.56 50 1100 34.05 255.97 385 2827 
5 S.S. 426 I = 63.288 II = 235.793 
L (I) = 3.198 
L (II) = 0.885 
5.72 
6.00 
9.00 
10.00 
60 
70 
450 
250 
32.70 
33.40 
218.06 
91.50 
82.77 
35 
523 
101 
6 S.P. 135 30.08 5.867 5.44 9.10 150 650 50 128 89 778 
7 S.S. 103 
I = 371.43 
II = 131.27 
III = 188.24 
IV = 503.17 
L (I) = 1.369 
L (II) = 2.115 
L (III) = 1.646 
L (IV) = 1.028 
6.10 
10.52 
6.10 
6.10 
10.80 
10.70 
10.80 
10.80 
60 
100 
60 
45 
250 
350 
150 
90 
36.94 
70.71 
20.68 
46.55 
101.20 
267 
96.09 
135.98 
21 
78.21 
24.54 
31.57 
200 
1091 
394.82 
159.05 
 
The traffic conditions analysis on these selected highways lasted 12 hours for some road sections while from 
two to three hours for others. Geometric elements used to study driver speed behaviour including 80 tangents 
with a total number of 144 speed measurements and 40 curves with a total number of 179 speed measurements. 
The speed measurements collection was largely described in a previous research [17]; in particular, it was used to 
collect speed data a light detection and ranging KV laser. Motorcycles and heavy vehicles were not considered to 
estimate at each section the 85th percentile of speed distribution according to various procedures in the scientific 
literature; vehicles less than 5 seconds apart were removed from the database and only speed measurements with 
dry roads and daylight hours were accepted to respect free flow conditions. 
Table 2 presents descriptive statistics for the studied tangents and circular curves. 
Table 2 Statistics of features on tangent and circular curve elements 
Tangent 
element 
Width 
[m] 
Preceding curve 
radius [m] 
CCRs of preceding 
curve [gon/km] 
Tangent 
length 
[m] 
CCR of homogeneous 
segment [gon/km] 
Vm 
[km/h] 
V85 
[km/h] 
Mean value 6.49 184 534.29 2225.92 44.26 57.18 75.28 
Max value 12.56 450 2529.21 4699 159.28 78.43 102.65 
Min value 4.80 25 141.47 65.37 9.60 40.29 50.25 
Std.Dev. 1.16 101 494.26 1516.78 46.21 8.09 9.94 
Circular 
element 
Width 
[m] 
Curve radius 
[m] 
CCR 
[gon/km] CCRs [gon/km] 
Curve 
length [m] 
Preceding 
curve 
radius [m] 
Preceding 
tangent 
length [m] 
Vm 
[km/h] 
V85 
[km/h] 
Mean value 6.49 170 115 593 69 1514 353 47 60 
Max value 12.56 450 236 2529 218 10000 4175 72 92 
Min value 4.80 25 10 141 22 20 2 25 31 
Std.Dev. 1.16 106 81 506 38 3240 684 12 15 
 
Operating speed (V85) profiles were plotted for each travel direction for all selected highways and a careful 
analysis was carried out to identify the real transition zone occupied by drivers to decelerate approaching a curve 
and to accelerate leaving the curve for each circular element. Details on this question are shown in a previous 
research work [12] where it was stated that following restrictions were applied to perform the models: 
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x no section may outdistance the intersections by less than 50 meters 
x no sections fall in the identified transition segments 
x all spots on the circular elements with a radius greater than 500 meters are included in the data base 
Four operating speed prediction models were developed: 
x two operating speed models on tangents elements: the first one can be applied on the tangents with a length of 
less than 500 meters and the second one on tangents with a length greater than 500 meters (see Eqs. 1 and 2) 
x two operating speed models on circular elements: the first one can be applied on the curves with a CCR value 
of the roadway segment to which the curve belonged of less than 240 gon/km and the second one with a CCR 
value greater than 240 gon/km (see Eqs.3 and 4). 
The regression equations as follows (see Eqs. 1 to 4) were performed by using the Gauss-Newton method 
based on the Taylor series where all parameters are significant with a 95% significance level as confirmed by the 
t-test: 
 
89.041.330.029.3017.011.0104.256.61)1.( 285
24    UPDVINTDRREq PCPCPC      (1) 
 
83.094.440.215.023.0011.0108.267.79)2.( 285
2/33    UPDINTVRRLEq PCPCPCT        (2) 
 
81.030.0064.0103.765.448.003.010038.057.574.55)3.( 242585    UPDCCRLINTRESLCCRCCRWVEq PTCSSC (3) 
 
72.063.2105.3108.869.010023.020.016.59)4.( 224225285    UPDRRRESCCRCCRWVEq PCPCSSC (4) 
 
where: 
LT and Lc = length of single geometric element [m], RPC = radius of the preceding curve [m], V85PC = operating 
speed in the middle section of the preceding curve [km/h], INT = intersection indicator equal to 1 if intersection 
is located 150 meters before or after the surveyed location or 0 otherwise, PD = pavement distress indicator equal 
to 0 if the distress is absent while for value greater than 0 the pavement distress is not low and this condition 
influences negatively the driver speed behaviour causing a speed decrease (1 if the distress is low, 2 if the distress 
is high and 3 if the distress is very high), D = distance of the surveyed point from the end section of the preceding 
horizontal curve [m], W = travel lanes plus shoulders [m], CCR = curvature change rate of a homogeneous 
roadway segment [gon/km], CCRS = curvature change rate of a single curve [gon/km], RES = number of 
residential drive-ways per km, LPT = the preceding tangent length [m]. 
 
4. Independent Consistency Evaluations 
Two measures of the road consistency were checked [4]. The first one is the normalized relative area “Ra” per 
unit length (see Equ.5), restricted between the operating speed profile traced by using the V85 prediction models 
(see Eqs. 1 to 4) and the results of deceleration/acceleration transition zones study [12, 17] and the average speed 
line (V85_average) computed as the average weighted speed, by length, along the entire segment. 
 
¦ LaR ia                (5) 
 
where 
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Ra is the consistency measure [m/s], ai is the areas bounded between the operating speed profile and the average 
operating speed line [m2/s], L is entire segment length [m]. 
 
The second consistency measure was the standard deviation of speeds s along the total road length (see Equ.6). 
 
¦
 
 
n
i
averagei
n
VV
1
8585 )(V
              (6)
 
 
where 
s is the standard deviation of operating speeds [km/h], V85_i is the predicted operating speed values along the ith 
geometric element according to the previous equations from 1 to 4 [km/h], V85_average is the average weighted (by 
length) operating speed along a road segment [km/h]; and n is the number of geometric elements for each 
analysed road.  
 
These two indicators provide an independent design consistency evaluation: key benefit is the assessment of 
the consistency of the overall road length, not just individual speed differentials between two following elements. 
Figure 1 shows an example of V85 profile for a studied road (see highway n.2 in Tab.1) according to the 
decrease of kilometres [12] as well as the values of the consistency measures. 
 
 
Fig. 1. Example of speed profile and consistency measures for a studied road 
Two different speed profiles, one for each travel direction we have obtained on basis of different deceleration 
and accelerations rates, deceleration/acceleration transition lengths and different driver speed behaviours for 
travel directions; consequently we have for each travel direction two different Ra and s measures. Ra and s 
values proposed in this paper are very similar to those suggested by Polus and Mattar-Habib [4]. Table 3 shows a 
comparison between the proposed model and the global consistency evaluations by using Lamm and Choueiri 
criterion [15] according to the maximum speed change calculated between following road elements. 
 
 
 
30
35
40
45
50
55
60
65
70
75
80
0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 3.20
Sp
ee
d [
km
/h
]
Length[km]
Operating speed profile
Average speed
Travel direction
Vaverage=60.48km/h
Ra = 2.016 m/sec
s = 11.08 km/h
ai
959 Francesca Russo et al. /  Procedia - Social and Behavioral Sciences  53 ( 2012 )  953 – 961 
Table 3 Independent consistency measures versus Lamm-Choueri criterion 
 According to the increase of km (“dir 0”)  According to the decrease of km (“dir 1”) 
ID Ra [m/s] 
s 
[km/h] 
Road 
consistency 
according to 
(Ra; s) 
Lamm-Choueri criterion  Ra [m/s] 
s 
[km/h] 
Road 
consistency 
according to 
(Ra; s) 
Lamm-Choueri criterion 
1 0.334 9.970 Acceptable consistency 
Acceptable 
|V85i -V85i+1| ≤ 20 km/h 
 0.163 4.481 Good consistency 
Good 
|V85i - V85i+1| ≤ 10 km/h 
2 1.337 9.900 Acceptable consistency 
Poor 
|V85i V85i+1| > 20 km/h  2.016 11.108 
Poor 
consistency 
Poor 
|V85i V85i+1| > 20 km/h 
3 0.432 9.568 Acceptable consistency 
Acceptable 
|V85i -V85i+1| ≤ 20 km/h 
 1.339 14.195 Poor consistency 
Poor 
|V85i V85i+1| > 20 km/h 
4 2.012 15.953 Poor consistency 
Poor 
|V85i V85i+1| > 20 km/h  2.449 17.075 
Poor 
consistency 
Poor 
|V85i V85i+1| > 20 km/h 
5 2.289 11.151 Poor consistency 
Acceptable 
|V85i -V85i+1| ≤ 20 km/h 
 2.172 12.293 Poor consistency 
Poor 
|V85i V85i+1| > 20 km/h 
6 1.073 5.581 Acceptable consistency 
Acceptable 
|V85i -V85i+1| ≤ 20 km/h 
 1.979 7.910 Acceptable consistency 
Acceptable 
|V85i -V85i+1| ≤ 20 km/h 
7 2.880 11.226 Poor consistency 
Poor 
|V85i V85i+1| > 20 km/h  3.004 11.072 
Poor 
consistency 
Poor 
|V85i V85i+1| > 20 km/h 
 
Table 3 shows Ra <1 and s <5 (road n.1_dir 1) when the consistency is defined good according to Lamm-
Choueiri criterion [15]; we have accepted, according to the thresholds defined by Polus and Mattar-Habib [4], a 
good design consistency when Ra< 1 with s <5. However, when the consistency is acceptable according to 
Lamm-Choueiri criterion (see in Tab.2 roads n.6, n.1_dir 0, n.3 and n.5_dir 0), it was observed 1 < Ra <2 with 5< 
s <10 excluding the road n.5_dir.0 where these thresholds are exceeded for s measure . The road n.5 was 
consequently involved in the dataset with poor road consistency as well as fixed by Lamm and Choueiri criterion 
(see in Tab.2 roads n.7, n.2, n.3_dir 1, n.4 and n.5) where it can be observed Ra > 2 with s > 10. Nevertheless, 
for two roads this last condition isn’t met: a) road n.2_dir 0, associated with a tolerable road consistency (1 <Ra 
<2 and 5 < s <10); b) road n.3_dir 1, associated with poor road consistency (Ra >2 and s >10) because of the 
bad value taken by one of the two consistency measures. Analysis of the values of the Ra and s can provide an 
initial estimate of the design-consistency quality. The thresholds defined by Polus and Mattar-Habib [4] properly 
reflect our results and they were accepted to perform a consistency prediction model C as follows where these 
two measures were properly combined according to the thresholds in Table 4. To perform a consistency 
prediction model, we have associated to each highway a mean value of the Ra and s indicators according to the 
values for each travel direction and a first attempt C value according to the thresholds in Tab.4 changing it step 
by step following a sensitive analysis. 
Table 4 Thresholds of Ra s and C measures for the global consistency evaluation 
Independent operating speed measures Consistency for entire highway under investigation 
Good Acceptable Poor Good Acceptable Poor 
Ra<1 1<Ra<2 Ra>2 
C>2 1<C<2 C< 1 
s < 5 5< s < 10 s >10  
 
The consistency model reflects a negative exponential function as shown in Equ.(7): 
 
)]6.3/(aR[BeAC V               (7) 
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Where Ra and s are two independent operating speed measures calculated by Eqs.5 and 6, respectively; C is 
the design consistency of a two-lane highway segment defined according to the thresholds shown in Tab. 3 after 
estimating for each road Ra and s measures; A and B are two parameters to be calibrated by a sensitivity 
analysis. Resulting model assumed the next form: 
 
)]6.3/(aR[17.0e150.2C V               (8) 
 
while in the study proposed by Polus and Matter-Habib [4], the following: 
 
)]6.3/(aR[278.0e808.2C V               (9) 
 
Parameters A and B in Eqs. 8 and 9 are very close to the measures proposed by Polus and Matter-Habib 
because the features of the roads are similar; A and B values are greater in Equ.9 than Equ.8 because Polus and 
Matter-Habib achieved in their research maximum Ra value (3.848 m/s) and s value (20.21 km/h) higher than 
our maximum values which are equal to 3.004 m/s for Ra and 17.075 km/h for s. Figure 2 shows the diagram 
consistency versus (Ra; s) values; it can be observed how the design consistency decreases when the two 
measures increase. 
 
 
Fig. 2. Consistency versus (Ra;σ) values 
5. Conclusions 
The proposed study was conducted under the Italian National Research Program “Driver Speed Behaviour 
Evaluation Using Operating Speed Profile and Accident Predicting Models”. This paper compares original results 
with consistency-prediction models available in the scientific literature to check several alternative designs and 
select the alternative with the highest consistency. As it’s well-known, Lamm and Choueiri proposed some basic 
criteria: the operating speed difference between two consecutive sections, and the difference between the 85th 
percentile operating speed and the design speed. 
The consistency prediction model tested in the our study is based on two independent indicators (Ra and s) 
calculated on basis of the operating speed profiles plotted according to Eqs. 1 to 4. Consistency prediction model 
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(C=f[Ra,s]) is performed by using a sensitive analysis and it returns the overall consistency for the total highway 
length, not just individual speed differentials between two successive elements. A negative exponential 
consistency model was tested based on the relative area measure and the standard deviation of speeds; this 
consistency formulation well-analyzes the design consistency of the examined roads and the coefficients of the 
equations move away slightly from the values proposed in the literature and similar assessment of design 
consistency as Lamm and Choueiri’s indicators. Future research development addresses the correlation between 
crash rates and road alignment calibrating safety performance functions using highway design consistency 
indicators. 
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